n  r  r>  /*N  »>  • 


■  MENTATION  PAGE 


m  Mk  %  r»» r%3  i«  '  ^vw*  «>*"  «Nj  i--'<  V  e%'f  *.  <v3  r4  ii  --*u 

M\  I  ■■■■•  Xa  IJ  I  rr .  t^♦  C-^  Wm  <C-^'^<''4»  th  »  f»MT  <if  O'  *''»  i*i.» 

■Ml**#  ih.t  e>^^ee«  to  ^*^*■*<*■91***  O'ev^o'^'*  *<w  o^' Op**'*'©'** 

Illtlli!  nil  iilll  illll  lilli  liiH  nil  III!  Hit  0**•^t  >*  t  ^»(»f»<'C*»  *^w(-v  O'  {O^t*  0  *•#).  CK  /CVOI 

111  11  ill  lit  ill  Hi  ill  it  till  RCPORT  OArt  1  ftfPORT  Type  and  OATIS  COVlRtO 

2/15/93 _ Interim  June  1 ,  1990  to  June  I  ,  19  9: 

-*.  nut  ANu  iUBiniOxo  Complexes  of  Tungstenocene  via  Oxidation  5.  fUNOiNG  numbers 
of  [W(n5-C5H5)2(OCH3) (CH3) ]  and  Related  Reactions:Synthesis  q.  N00014-90-J- 1 762 
Structural  Characterization,  and  Photodisproportionation  of  o  ;,nH  T  Cnrle-  <J1  SHOP'S 

the  Spin  Paired  d^-d^  Oxo  Bridged  Dimer  f {W(n^-C5H5i2~ _ 

6.  AUTHOR(5)  (CH3)}2(M-0)]^'^ 


foim  Af,pio>f</ 

OM8  No  0^04  0188 


beter  Jernakoff,  James  R.  Fox,  Jeffrey  C.  Hayes, 
Samkeun  lee  and  N,  John  Cooper 


7.  PERFORMING  ORGANIEATION  NAM 

Department  of  Chemistry 
University  of  Pittsburg 
Pittsburgh,  PA  152 


8.  PERfORMING  organization 
REPORT  NUMBER 


1 


0,  SPONSORING/MONITORING 
AGENCY  REPORT  NUMBER 


11,  SUPPEEMENTARY  NOTES 


Submitted  for  publication  in  Organometal 1 ics 


12a.  distribution /AVAIIABILITY  STATEMENT 

This  document  has  been  approved  for  public  release  and 
sale;  its  distribution  is  unlimited. 


12b.  DISTRIBUTION  CODE 


1J.  ABSTRACT  {MafimomlOOwOrdi} 


See  attached 


93-0372P 

i  Hill  i!  mil  iim  ^ 


14,  SUBJECT  TERMS 

Transition  Metal/Photodisproport ionat ion/ 
Oxo  Alkyl  Complex/Linear  Oxo  Bridge 


IS.  NUMBER  Of  PAGfS 

49 


16.  PRICE  CODE 


17.  SECURITY  ClASSiMCATlON  118  SECURITY  CLASSif. CATION  119,  SECURITY  ClASSil  CATION  120  IIMITATION  Of  ABSTRACT 


Of  REPORT 

Unci  ass i f ied 


NSN  ?S'.0  01-780  SSOO 


OP  This  page 
Unci assi f ied 


OF  abstract 
Unci  ass i f ied 


98 


Slaf'daid  Tonri  JOB  (Rev  J  f9) 

ttfscf  by  AN\|  Sifl  /j$  ’• 

'o; 


ornciE  or-  naval  resfearch 


Gram  N()()014-90-J-1762 
R&T  CoJc  4135025 

TECHNICAL  Rl-.TORT  NO,  2 

0\o  Complexes  of  Tungsicnoecnc  \  ia  Oxidation  of  lW(ij-‘’-C5H5)2(OCH3)(CH3)]  and  Related 
Reactions:  Sxnlhcsis,  Structural  Charactcri/ation,  and  Phottxlisproportionalion  of  the  Spin  Paired 
d'-d^  Oxo  Bridged  Dimer  l{W(ip‘'-C5H5)2(CH3)}2(li-0)]“+  and  Sxnlhcsis  and  Characicri/ation 
of  the  d^^*  TcrmiiKil  Oxo  Complex  |\V(ii‘'-C5Hj)2(0)(CH3)]'^ 

by 

Peter  Jernakoff,  James  R.  Fox,  Jeffre)  C.  Hayes,  Samkeun  and  N  John  Cooper* 

DTIC  QUALITY  IIIS?  ilGlEL  3 

Submitted  for  publication  in  Organomcillics 


Department  of  Chemistry 
University  of  Pittsburgh 
Pittsburgh,  PA  15260 


Reproduction  in  whole  or  in  part  is  permitted  for 
any  purpose  of  the  United  States  Government 

This  document  has  been  approved  for  public  release 
and  sale,  its  distribution  is  unlnnilcd 


Oxo  Complexes  of  Tungstenocene  via  Oxidation  of  |\V(t]5-CsH5)2(OCH3)(Cll3)l  and 
Related  Reactions:  Synthesis,  Structural  Characterization,  and  Photodisproportionation  of 
the  Spin  Paired  d'-d*  Oxo  Bridged  Dimer  f{W(i]S'-C5H5)2(CH3)}2{p-0)l-'^  and  Synthesis 
and  Characterization  of  the  d®  Terminal  Oxo  Complex  |W(ti5-C5H5)2(0)(CH3)|+ 


Pclcr  Jemakoff,  James  R.  Fox,  Jeffrey  C.  Ha\cs,  Samkcun  Ixc  and  N  John  Ccxrpwr* 


Department  of  Chemistry 
University  of  Pittsburgh 
Pittsburgh,  Pennsylvania  15260 


Prepared  for  Publication  in  Organomctallics 


Abstract.  Oxidation  of  (\V(iv^-C.sH.s)2(OCH?KCFh)l  ( I)  with  fcmvcnium  hcxatluorophosphalc 
in  wet  methyl  ethyl  ketone  at  r<x>m  temperature  leads  to  a  TS';?  \  ield  of  a  W(V)  oxo  et>mplcx 
({W(»y‘’-C5H5)2(OCH0}:!<f*-O)I-^  established  by  a  single  crxsta!  X-ray  diffraction  slud\  of 

the  PF^'  salt  (2[PFr,l2  -  nuincx.linic  space  group  P2)/c,  a  =  7  24f>  (3).  b  =  18  796  (6>,  c  =  9  438  (4) 
A,  3  =  89,98  (2)°.  dc  =  2.49  g  mL  ’.  Z  =  =  3.09';?  )  to  contain  two  d>  (W0i^-C5M5)2(CH,?)|-" 

moieties  connected  by  a  linear  oxo  bridge  such  that  the  W  atoms,  the  bndging  oxo,  and  the  mcth)  i 
groups  are  coplanar  with  an  anti  orientation  of  the  methyl  groups.  The  molecule  is  diamagnetic  in 
the  solid  slate  and  in  solution  as  a  consequence  of  spin  pairing  of  the  metal  centers  through  a  Ji- 
intcraction  involving  the  oxo  bridge,  and  exhibits  a  strong  absorption  in  the  visible  =  525 
nm,  t  =  23,600  L  molc'^cm  ')  assigned  to  a  transition  with  some  MLCT  character  from  a  non- 
bonding  level  formed  by  the  n;-intcrac(ion  to  an  empty  antibt)nding  level  w  ith  n*  character  The 
0X0  bridged  dimer  is  photosensitive,  and  pholodisproportionates  in  ClhCN  to  give  the  d^ 
terminal  oxo  complex  (W(tv'’-C5H5)2(0)(CH3)]+  (3+)  and  the  d-  solvent  trapped  mcth>l  complex 
(W(q5.C5H.s)3(NCCH3)(CH3)]+  (4+).  The  W(IV)  acetonitrile  complex  4"^  has  been  independently 
isolated  and  characterized  following  protolysis  of  (W(q*'-C5H5)2(CH3)2l  (7)  with  NH4  PFr,  in 
CH3CN.  The  W{V!)  0x0  complex  [W(q-AC5H5)2(0)(CH3))  PFf,  (3PFg)  has  been  prepared  in  749f 
yield  b)  photolysis  of  4PF6  in  acetone  under  Oy-  An  X-ray  diffraction  stud)  of  the  F  salt  31  (cubic 
space  group  la3,  a  =  b  =  c  =  26.601  (4)  A,  =  2  53  g  mL  \  Z  =  48,  R^y  =  6  0391,)  has  established 
that  3''’  is  a  terminal  0x0  complex.  The  0x0  complex  is  not  formed  in  the  absence  of  O2,  even 
when  4PFf,  is  heated  in  the  pres'^nce  of  water,  and  it  is  proposed  that  3+  is  formed  via  addition  of 
O2  to  transient  ''[W(rv'’-C5H5)2(CH3)]  +  "  to  form  a  reactive  peroxo  intermediate  IW(q-‘'- 
C5n5)2(CH3)(qAo2)]+  Photolysis  of  ZPFr,  in  the  non-ctx>rdinating  solvent  acetone  under  O2 
results  in  clean  con^■ersion  to  3'’",  by  a  sequence  presumed  to  involve  pholodisproportionation  of 
2^+  to  give  some3'*'  directly  together  with  "[W(n^-C 5145)2(0143)]+"  which  is  then  oxidi/cd  to  3+. 
Ferroccnium  oxidation  of  1  in  CHyCh  results  in  formation  of  the  radical  cation  (W(n‘'- 
05145)2(0113)01]+,  independently  prepared  and  charactcri/cd  as  a  PFr,'  s;ill  by  Icmxrenium 
oxidation  of  {W(q-‘’'05H5)2lCll3)01),  which  is  in  turn  prepared  by  protohsis  of  7  with  NH4OI 


Introduction 


There  has  been  remarkable  groulh  ihroughoui  the  lySOs  in  ihc  chcmistrv  t)f  iransition 
metal  0X0  complexes.  *  Interest  in  what  had  been  regarded  as  a  mature  area  was  rekindled  in  part 
by  the  recognition  ul'  the  role  of  the  oxo  functionality  as  a  "spectator"  ligand  in  calahlic  alkcnc 
metathesis,  -  and  has  been  fueled  by  developments  in  the  chemistr)  of  transition  metal  porphyrin 
o.xo  complexes-^  (including  their  roles  in  hydrocarbon  oxidations  and  in  alkcne  epoxidation  and 
hydroxylation  reactions),  by  continuing  rapid  evolution  of  our  understanding  of  biologically 
relcvcnt  oxo  transfer  reactions,'^  by  extraordinary  advances  in  the  use  of  oxo  complexes  as 
catalysts  for  alkcnc  hydroxx  lation-’  and  cpc:)xidation,^  and.  most  rcccnth,  by  the  remarkable 
catalytic  activity  demonstrated  by  high  valent  rhenium  oxo  alkyls7  These  developments  have 
been  paralled  by  significant  advances  in  the  syntheses  of  oxo  complexes,  including  the 
preparations  of  "low  \  alcnt"  oxo  complexes®  and  of  high  v  alent  oxo  alkyl  complcxes,^'^  and 
marked  extensions  of  the  rational  synthesis  of  organomctallic  oxo  complexes.’® 

Our  own  interest  in  oxo  alkjl  complexes  began  with  the  mixiest  observation  that, 
although  most  tungstcntx:cne  complexes  (with  the  most  notable  exception  of  the  dihalidcs”)  are 
relatively  weakly  colored,  we  sometimes  observed  the  formation  of  traces  of  hard  to  isolate 
purple  complexes  which  we  suspected  arose  from  the  presence  of  adventitious  oxygen  We  had 
an  opportunity  to  determine  whether  these  were  indeed  oxo  complexes  when  we  discovered  that 
ferrocenium  oxidation  of  [W(ij-‘’-C5H5)2(OCH3)(CH3)]’“(l)  in  wet  methyl  ethyl  ketone  (MEK) 
results  in  the  formation  of  a  red-purple  crxstalline  material  in  gcnxl  yield  We  now'  wish  to  report 
that  this  material  is  an  oxo  complex  in  which  the  chromophcrc  is  the  d’-d’  linear  oxo  bridge 
within  the  diamagnetic  {W(ri5-C5Hs)2(CH3)}2(n-0)|-‘^(2^  )  cation.  The  most  distinctive 
feature  of  the  chemistr)  of  this  complex  is  the  facility  with  which  it  photodisproporlionatcs  in 
CH3CN  to  give  the  W(VI)  0x0  complex  [W(rv‘^-C5H5)2(0)(CH3)r  (3*)  and  the  W(1V) 
acetonitrile  complex  (W(r^5-C5H5)2(NCCH3)(CH3))‘'^  (4'‘’)  Both  3"^  and  4'*’  have  been 
independently  prepared  as  shown  in  Scheme  I,  which  summan/.cs  the  major  synthetic 
observations  to  be  refnirted. 


Experimental  Section 


General  Data  All  iransromialions  and  manipulations  involving  air-scnsilivc  compijunds 
were  performed  using  either  standard  Sehlenk  techniques  or  a  Vacuum  Atmospheres  dr\bo\ 
under  an  atmosphere  of  prepunfied  nitrogen  unless  othcn\  isc  noted  Glassware  was  llamc  dried 
under  vacuum  or  dried  in  an  o\  cn  (>  4  hr,  120°C)  before  use. 

Solvents  and  Reagents.  Tclrahydrofuran  (THF)  and  dicthxl  ether  were  predned  over 
sodium  wire  and  then  distilled  from  stxlium/bcn/.ophcnonc  kctyl  under  nitrogen  Ligroinc  (9()- 
i20°C  boiling  range,  Mallincknxit)  was  dried  over  sodium  wire  before  use.  Reagent  grade 
acetone  (Mallincknxlt)  and  benzene  (Mallincknxlt)  were  used  as  received.  Toluene  was  predned 
over  sodium  wire  and  distilled  from  CaH2  under  nitrogen  Methyl  ethyl  ketone  (MEK  -  Eastman 
K(xlak)  and  acetonitrile  (Mallinckrodt)  were  reagent  grade  and  were  used  as  recci\cd 
Dichloromethane  was  distilled  from  CaHi  under  a  CaSOq  drying  tube.  Watei  was  deionized 
Ammonium  chloride  (Aldrich),  sodium  icxiide  (Aldrich),  and  ammonium  hcxaflourophosphate 
(Aldrich)  were  used  as  received.  Ferr(x:enium  he.xanuorophosphate  (FcPFe)  was  prepared  from 
ferrocene  (Aldrich)  by  a  literature  procedure.  1^  Triphenyl  methylium  hexafluorophosphate 
(trity  I  PFft  -  Alfa)  was  recrystalli/.ed  twice  from  CH3CN  that  had  been  distilled  from  CaH2 
(W(Ti5.C5H5)2(CH3)2l‘-*  and  (W(ii5-C5H5)2(OCH3)(CH3)l  1-  were  prepared  from  fW(q5- 
C5H5)2H2]  by  established  prrxiedures. 

Spectroscopy  and  Analysis.  NMR  spectra  were  recorded  on  a  Varian  CFT-80  (80 
MHz),  a  Bruker  AM-300  (300  MHz),  or  a  Bruker  WM-300-WB  (300  MHz)  NMR  spectrometer. 
Pcrdculeroacetone,  pcrdeuteroacetonitrile.  pcrdcutcrodimethyl  sulfoxide  (99.5+  atonV/? )  were 
purchased  from  Merck,  Sharpe,  and  Dohmc  or  from  Cambndge  Isotopes  and  were  used  as 
received.  Chemical  shifts  arc  repv^rted  in  ft  using  the  residual  proton  resonances  of  the  dcuterated 
solvents  as  internal  standatds  (acetone  ds  -  ft  2.04;  acetonitrile  d2  -  6  1.93;  dimcthylsulfoxide  ds  - 
ft  2.49).  NMR  spectra  wore  obtained  on  a  Bruker  AM-3(X)  (75.5  MHz)  or  a  Bruker  WM- 
3f>0-WB  (75  5  MHz)  NMR  spectrometer  Chemical  shifts  arc  reported  in  ft  using  the  ’^C 
chemical  shift  of  the  dcuterated  solvent  as  an  internal  standard  (dimcthylfulfoxidc-df,  -  6  39  5) 


Inl'nircd  spectra  were  obtained  as  KBr  pellets  or  in  Nujol  mulls  on  a  Perkin  Elmer  68.3  grating 
infrared  spectrometer,  with  the  1661  cm  '  band  of  poly.styrene  as  an  external  reference  Mass 
spectra  were  recorded  on  a  Kralis  MS-9  spectrometer.  Mass  spectral  patterns  which  exhibited 
the  W  isotope  envelope  arc  reported  as  the  \  aluc.s  of  m/c  corresponding  to  the  ion  containing 

EPR  spectra  were  recorded  on  a  Varian  E-l()9  spectrometer  in  a  60  x  10  x  0  25  mn  quart/ 
flat  cell,  and  were  calibrated  against  the  shaip  line  (<g>  =  2  0036)  of  a  sjimple  of  2,2-diphenyl- 1 - 
picrylhydra/.yl  (OPPH)*-**  in  a  sealed  capillary  attended  externally  to  the  flat  cell.  Solid  .state 
susceptibilities  were  determined  by  the  Guoy  method  on  a  Brukcr  Research  B-E15  B8  magnet 
equipped  with  a  Cahn  RG  eicctroba lance  and  a  Hewlett  Packard  mixlel  3465A  digital 
multimeter.  The  sample  holder  was  a  5  mn  borosilicate  NMR  tube  cut  to  a  length  of  2  cm  and 
fitted  with  a  pla.stic  cap  to  which  was  glued  (cptrxy)  a  platinum  lot^p  The  sample  bidder  was 
calibrated  with  HgCo(SCN)4.  Microanalyscs  were  carried  out  by  Dornis  u.  Kolbc,  Mulheim  a  d 
Ruhr,  Germany. 

I{VV(ti5-C5H5)2(CH3)}2(^-0)l  [PF^lj  (lIPFeb)  A  0.028  M  solution  of  fcrrcK'cnium 
hcxafluorophosphatc  in  methy  l  ethy  l  ketone  (MEK,  30  mL  =  0  84  mmol)  was  added  to  a  stirred 
dark  orange  solution  of  lW(i]5-C5H5)2(OCH3)(CH3)]  (0.30  g,  0.83  mmol)  in  MEK  (30  mL)  to 
give,  after  10  minutes,  a  deep  cherry-red  solution  and  a  flcKculent  purpic-red  precipitate.  After 
24  hours  the  precipitate  was  collected  by  decantation,  washed  w  ith  MEK  (2x5  mL),  and  dried  in 
vacuo  to  yield  .spectroscopically  pure  ({W(ii5.C5H3)2(CH3)}2(n-0)J  [PFgIt  (0.31  g,  0.32  mmol 
=  TO';?  )  as  a  dark  red-purple  powder.  The  complex  could  be  rccry sialli/cd  as  small  red-brown 
needles  (ca.  80%  recovery  )  by  slow  ly  concentrating  a  saturated  acctonc/tolucne  solution  (^  /^'  5:1) 
of  the  complex  under  reduced  pressure.  Analytically  pure  material  was  obtained  as  hexagonal 
plates  by  slow  vapor  diffusion  of  diethyl  ether  into  a  saturated  acetone  solution  of  the  complex. 

’H  NMR  (300  MH/,  acctonitrilc-d3):  6  6.09  (s.  20H,  4C5H5),  0.88  (s,  satellites  Jw-U  =  4.8  H/, 
6H,  2CH3).  ’H  NMR  (3fX)  MH/,.  acctonc-df,):  6  (s,  20H.  4C5H.S).  fs.  satellites  Jw  n  =  H/., 

2WCH3),  NMR  (75  5  MH/.,  gated  decoupled,  dimcthylsulfoxidc-df,):  ft  104.2  (ft,  'Jc  n  = 


185.0  H/..  4C.SH5).  3.89  (q,  Uc'  n  =  133.2  H/,  2CH,0.  IR  (KBr):  3138  m.s,  2901  mw.  2^X10  m. 
2812  w,  1440  s.  1431  s,  1420  ms,  1382  m.  1206  m.  1 128  w,  1084  m.  1022  m.  850  vs  br.  741  ms, 
702  m.  552  vs,  409  m,  349  m  cm  ’.  Anal.  Calcd  lor  C22H26Fi2P20\V2:  C,  27.41 ;  H.  2.72. 
Found:  C,  27.43;  H,  2.83. 


[\V(ti5-C5Hs)2(NCCH3)(CH3)]PF6(4PF6).  A  saturated  solution  (10  mL,  ca  0  1  M,  1 
mmol)  of  NH4PFr,  in  acetonitrile  was  added  to  |W(q^-CsH5)2(CH3)2]  (103  mg,  298  nmol).  The 
mixture  was  swirled  and  the  resulting  clciir,  red  solution  was  left  to  stand  undisturbed  for  30  min 
at  r(x)m  temperature.  The  solvent  was  then  removed  under  reduced  pressure  (37®)  and  the 
orange-brown  solid  was  washed  with  toluene  (3x5  mL)  and  then  dried  under  vacuum  (3  h). 
.Acetone  and  water  (10  mL  ea.)  were  added  to  give  an  orange  solution  from  which  the  acetone 
was  remo\  ed  under  reduced  pressure  to  precipitate  an  orange-brown  solid.  The  orange  mother 
liquor  was  filtered  off  and  the  solid  w  as  washed  with  water  (3x5  mL)  and  dried  under  ^  acuum 
(50®C,  1  h)  to  give  [W(tp‘’-C5H5)2(NCCH3)(CH3)]PF6  as  orange-brow  n  "spaghctti-like"  crystals 
(108  mg,  209  pmol  =  70'i^).  A  sample  of  these  crystals  was  unchanged  in  appearance  after 
exposure  to  air  for  10  min.  'H  NMR  (300  MHz,  acetonitrile-d3):  6  5.18  (s,  I  OH,  2C5H5),  2.61  (s, 
3H,  NCCH3).  0.25  (s,  satellites  J\v-h  =  5.3  Hz,  3H,  W-CH3).  NMR  (300  MHz,  acetone-dr,): 

6  5.38  (s,  lOH,  2C5H5);  2.86  (s,  3H,  NCCH3);  0.36  (s.  satellites  =  5  6  Hz,  3H,  WCH3).  IR 
(KBr):  3218  m,  3135  br  s,  3005  m,  2947  s.  2900  s,  2853  m,  2823  ms,  2415  br  w  2320  vw-,  2280 
w,  1461  m  sh.  1439  s,  1437  s,  1427  s  sh,  1420  s,  1385  s,  1368  ms  sh,  1218  ms,  1117  m,  1080  br 
m,  1030  ms,  1019  m.s,  998  s.  950  s,  938  br  s,  848  vs,  825  br  vs,  744  ms,  607  m,  596  m,  554  vs. 
484  w.  380  w,  357  m,  349  m  cm->.  Anal.  Calcd  for  Ci3H]6F6NPW:  C.  30.31.  H,  3  13.  Found: 

C,  30.43;  H.  3.25. 

|W(Tl5-C5Hs)2(0)(CH3)IPF<;  OPFfi).  A  stirred  orange  solution  of  [Wfiy''- 
C.‘sH.‘))2(NCCH0(CH  01PFf,  (0.30  g,  0.58  mmol)  in  acetone  (30  mL)  was  irradiated  for  one  hour 
under  oxygen  with  a  150  W  sunlamp.  The  yellow  solution  was  filtered  to  remove  a  small 


amounl  of  a  grayish  precipiUUe  and  the  solvent  removed  under  reduced  pressure  to  gi\  e 
spectroscopically  pure  (W(i]-‘'-C5H5)2(0)(CHy)|PF6  as  yellow  Hakes  (0  21  g,  4  69  mmol  =  74^;^) 
Anal)lically  pure  material  could  be  obtained  (ca  rcco\cry )  b\  slow  concentration  of  a 
saturated  acetonc/tolucnc  solution  (v/v  l:2)  of  the  complc\  ’H  NMR  (3(K)  MH/,  acclonc-drO  5 
6.90  (s,  lOH,  2C5H5).  2. 16  (s,  satellites  hvn  =  7  8  H/,.  3H.  WCH.O  'H  NMR  (300  MH/. 
acetonilrile-dy);  6  6.58  (s.  lOH.  2C5H5),  2.16  (s.  3H.  satellites  Jw  n  =  7.8  H/.,  WCH3).  *^C 
NMR  (75.5  MH/.,  gated  decoupled,  dimethylsulfoxidc-d ;);  6  1 13.7  (d,  U(mi  =  I85  5  H/, 
2C5H5).  5.34  (q.  IJc.H  =  136.4  Hz,  WCH3).  IR  (KBr);  3125  s,  2992  w.  2920  nnv,  1456  m,  1428 
ms,  1382  m,  1217  \v,  1 132  mw,  1071  m\v,  1032  m,  l(X)9  mw,  850  vs  br,  740  m,  551  s,  350  mw 
br  cm-l.  Anal.  Calcd  for  CnHi30F6PW:  C.  26.96;  H.  2  68.  Found  C,  27.04,  H,  2  78. 

[W(H®-C5H5)2(0)(CH3)]I  (31).  An  orange  solution  of  IW(q-''- 
C5H5)2(NCCH3)(CH3)]PF6  (0.28  g,  0.54  mmol)  in  acetone  (70  mL)  was  allowed  to  stir  in  air  in 
a  well  lit  laboratory  for  24  hr.  The  resulting  pale  yellow  solution  was  decreased  in  volume  to  ca 
20  mL  under  reduced  pressure,  filtered  and  cooled  to  0®C.  This  was  added  to  5  0  mL  of  a  0  33 
M  solution  of  Nal  in  acetone  (0.25  g,  1.65  mmol)  also  at  0®C.  Sw  irling  precipitated  IW(q-‘’- 
C5H5)2(0)(CH3)]I  as  spectroscopically  pure  golden  )cllow  Hakes  under  an  orange  solution  The 
Hakes  were  collected  by  decantation,  washed  with  0"C  acetone  (1x10  mL)  and  dieth)  l  ether  (2 
X  10  mL).  and  dried  in  vacuo  (0  20  g,  0.42  mmol  a  78%).  Anal>tically  pure  material  could  be 
obtained  in  low  yield  as  yellow  blocks  and  needles  by  slow  vapK)r  diffusion  of  diethyl  ether  into  a 
saturated  acetone  solution  of  the  complex.  'H  NMR  (3(X)  MH/,  acctonilriIe-d3);  h  6.61  (s,  lOH, 
2C5H5),  2.17  (s.  3H,  satellites  Jw-u  =  7.5  H/.  WCH3).  NMR  (75.5  MH/,  gated  decoupled, 
dimcthylsulfoxidc-dft):  6  113.6  (d.,  Uc-H  =  185.5  H/,  2C5H.S).  5  36  (q.  ’Jcmi  =  136  4  H/., 
WCH3).  IR  (KBr):  3100  ms,  3055  s,  2972  w.  2918  w.  1451  m,  1422  s.  1382  mw,  1365  w  br. 
1260  mw',  1214  mw,  1130  mw',  1079  mw,  1053  mw,  1031  m.  1023  m,  1004  m.  974  mw  ,  880  sh, 
867  vs,  838  s,  798  w,  588  w.  499  w  enrV  Anal.  Calcd  for  CjiH  13IOW:  C.  27.‘X);  H,  2  78. 

Found:  C.  27.93;  H,  2.79 
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|\V(tiS.C5H5)2(CH3)C1|  (12).  A  dark  red  solution  t)f  (\V(ri^-C.sns)2(CH3)2l  (0^3  g. 

1.83  mmol)  and  NH4CI  (2.0  g,  37.4  mmol)  in  THF  (20  mL)  was  heated  at  56°C  Tor  23  hr  The 
solvent  was  removed  under  reduced  pressure  and  the  solid  residue  extracted  with  ben/cne  (1  \  25 
mL,  3xl0mL).  Ligroine  was  then  added  (50  mL)  and  the  solvent  mixture  filtered.  Slow 
concentration  under  reduced  pressure  to  ca  15  mL  yielded  dark  brow  n  crystals  of 
spectroscopically  pure  (W(iy‘'-C5H5)2(CH3)C1].  The  crystals  were  collected  by  decantation, 
washed  w  ith  ligroine  (0“C.  3  x  10  mL),  and  dried  in  vacuo  (0.41  g,  1.12  mmol  s  61^  ) 
Analytically  pure  material  could  be  obtained  as  dark  brown  needles  (ca  4()7f  recovery)  b\  slow 
concentration  of  a  saturated  diethyl  ether  solution  of  the  complex.  'H  NMR  (80  MH/,  acetonc- 
do,):  6  4  96  (s,  lOH,  2C5H.S).  0.37  (s,  3H,  satellites  J\v-h  =  4  8  H/..  \VCH3).  IR  (KBr):  3110  m  br, 
2940  m  br,  2885  m.  2820  mw  br,  1422  ms,  1385  w,  1360  mw,  1250  w  br,  1 191  m,  1 1 12  m,  1074 
mw,  1063  mw,  1010  ms,  994  ms,  943  m,  872  ms,  837  s,  793  ms,  588  ms,  478  ms,  393  m,  364 
ms,  339  ms  cm  *.  Mass  spectrum  (molecular  ion,  *®4W)  m/c  364.  Anal.  Calcd  for  C]  [HjyClW: 
C,  36  24;  H,  3.60.  Found:  C.  36.36;  H,  3.58. 

|W(ii5.C5Hs)2(CH3)CllPF6  (lIPFfi),  A  0.016  M  solution  of  FcPF6  in  CH2CI2  (30  mL 
=  0.48  mmol)  was  added  to  a  stirred  dark  orange-red  solution  of  [W(»y‘’-C5H.s)2(CH3)CI]  (0. 18  g, 
0.49  mmol)  in  CH2CI2  (15  mL).  Within  I  minute  the  solution  had  lightened  to  a  bright  orange 
and  had  deposited  an  orange  precipitate.  The  solvent  was  rcmo\  ed  under  reduced  pressure  and 
the  solid  residue  triturated  with  toluene  (4  \  30  mL)  to  \icld  lW(>i'’-C5H5)2(CH3)Cl]PF(,  as  a 
spectroscopically  pure  orange  powder  after  \  acuum  drying  (0.23  g,  0.45  mmol  h  92%). 
Analytical!)  pure  material  could  be  obtained  as  clusters  of  small  orange  needles  (ca.  80% 
recover)  )  ^  ia  slow  concentration  of  a  saturated  CH2CI2  solulicrn  of  the  complex  EPR  (acetone, 
25°C.  9  389  GH/):  <g>  =  2.006  (q,  afj  =  4.0  G)  IR  (KBr):  3130  s,  2955  m,  2915  ms,  2856  m, 
1440  s,  1428  s,  1382  mw  ,  134t)  w,  1261  w  .  1212  w,  1 128  mw,  1078  mw  ,  1030  m,  1017  mw  .  980 


u  br.  924  ms,  850  vs  br,  743  m,  552  s,  310  s  cm  Anal  Calcd  ft)r  C)  jH]3CIFf,PW:  C,  25  93,  H, 
2.58.  Found;  C,  25.64;  H.  2.64 


Reduction  of  |\V(ti^-C5n5)2{CH3)CI  1PF$.  An  orange  solution  of  (W(i]^- 
C5H5)2(CF{3)CljPF6  (0.1 1  g,  0.22  mmol)  in  acetone  (30  mL)  was  vigorously  stirred  with  a 
saturated  solution  of  aqueous  KOH  (30  mL)  at  room  temperature  for  1.5  hours.  The  cherr>-rcd 
organic  layer  was  decanted  off  and  the  solvent  removed  under  reduced  pressure  to  give  a  broun- 
red  solid.  Extraction  with  CHoCIt  (35  mL)  gave  a  red-orange  solutii>n  which  was  filtered. 
Removal  of  the  solvent  under  reduced  pressure  gave  an  oily  brown  powder  which  was  shown  to 
be  (W(q''-C5H5)2(CH3)C!]  (0.04  g,  0. 11  mmol  =  50%)  by  comparison  { 'H  NMR  and  mass 
spectroscopy)  with  an  authentic  sample. 

X-ray  Diffraction  Studies  of  [{W(r|-C5H5)2(CH3)}2(M-0)]  [PF6]2  (21PF6]2)  and 
|>V(i|-C5Hs)2(0)(CH3)1I  (31).  Ciystals  of  21PFf,]2  and  31  for  diffraction  studies  were  obtained 
by  vapor  diffusion  of  diethyl  ether  into  a  saturated  acetone  solution  of  the  complexes.  Crystals 
were  mounted  in  glass  capillary  tubes  and  flame  scaled  under  argon.  Data  were  collected  on  a 
Nicolet  R3  diffractometer  using  graphite  moncx^hromatized  Mo  Ka  radiation  (50  kV,  30  mA). 
Data  collection  was  controlled  by  the  Nicolet  K  program*^  and  structures  were  solved  using 
SHELXTD^^  Diffractometer  data  were  processed  with  FOXTAPE,  a  loc.il  modification  of  the 
Nicolet  program  XTAPE.  Empirical  absorption  corrections  were  performed  by  the  program 
XEMP  (Nicolet)  while  draw  ings  were  generated  by  the  program  SNOOPl  (part  of  the  Oxford 
University  CHEMCORAF  Suite  package)  or  by  XPLOT  (Nicolet)  All  molecular  calculations 

were  performed  with  the  aid  of  the  program  XP  (Nicolet).  Atomic  scattering  factors  were  based 
on  literature  values  for  and  on  those  in  the  SHELXTL  program  for  other  atoms.  Weights 
were  taken  as  [a-(F)+gF^]  ^  Crj  stal  data,  details  of  the  data  collection,  and  final  agreement 
parameters  arc  summarized  in  Table  1. 


Aflci  initial  examination  of  rotation  photographs  the  unit  cells  for  2(Pfv,l2  ^nd  3!  v\crc 
dclcmiincd  to  be  P2[/c  and  Ia3  rcspxictiveh  through  application  of  IxHh  the  P3  program  and 
TRACER.-’  Unit  cell  dimensions  were  obtained  by  a  least-squares  fit  of  the  angular  sellings  of 
25  reflections  with  18‘’<2()<31°.  No  decrease  in  intensits  was  obsersed  for  the  check  rcUcctions 
during  data  collection.  Data  were  corrected  for  absorption  by  an  empirical  procedure  which 
employed  six  refined  parameters  to  define  a  pseudo  ellipsoid  Lorent/  and  polarization 
corrections  were  applied  to  the  data. 

The  structures  of  UPF^ly  and  31  were  solved  using  the  direct  methrxis  program  SOLV 
which  located  the  W  atom  in  2'’*'  and  the  W  and  I  atoms  in  31  The  remaining  non-hydrogen 
atoms  were  located  from  subsequent  difference  Fourier  syntheses  and  refined  amsotropically 
Hsdrogen  atoms  were  placed  in  calculated  pc  litions  with  r  (C-H)  =  0  96 A  and  Ujso  =  12  U<;.quiv 
Refinement  was  continued  to  convergence  by  using  the  b!(x;ked-ca.scadc  least-squares  pnxedure 
of  SHELXTL.  Finrd  difference  Fourier  syntheses  showed  only  diffuse  backgrounds  An 
inspection  of  Fo  vs  Fc  values  and  trends  based  on  sin  0,  Miller  index  or  parity  group  failed  to 
reveal  an)  systematic  errors  in  the  data. 

The  dication  in  2(PFf,]2  resides  on  an  inversion  center  with  the  bridging  oxygen  atom  at 
(1/2,  1/2,  0).  The  hexafluorevphosphate  anion  is  ordered  and  well  behaved.  The  assymetric  unit 
of  31  contains  three  icxlide  anions,  1(1),  1(2),  and  1(3),  at  special  positoins  with  site  occupanc) 
factors  of  1/6,  1/2,  and  1/3  respectively,  together  with  a  molecule  of  the  3+  cation  in  a  general 
position.  Final  atomic  positional  parameters  for  2jPF6l2  and  31  are  presented  in  Tables  II  and  III, 
and  anisotropic  thermal  parameters  are  given  in  Tables  SI  and  Sll  of  the  Supplementar)  Material. 


Results  and  Discussion 

The  methox)  ccimplcx  (W(ti‘’-C5H5)2(OCH^)(CH3)]  (1)  is  readily  prepared  from  fW(q-‘’- 
C5Hs)2(UH3)(OCC;Ph))““  by  reaction  with  excc.ss  NaOCH;i  in  and  cnir  interest  m  the 

oxidation  chemistry  of  I  began  when  we  included  the  complex  in  an  electrochemical  study  of 


(me  elcclron  oxidation  ('f  d-  tungstenocone  derivatives  |W()|''-C^Hs)2XY)  It  has  Ix'on  knoun 
for  many  )cars  that  such  complexes  arc  readily  oxidi/ed  to  gi\c  an  extensne  and  remarkahl) 
stable  class  of  organometallic  radicals  camtaining  d’  jWiij^-CsHsi^XY]^  cations. '  b-2, 24, 25  5^1 
our  cIcclKK-hemical  studx  established  that  !  uas  unujiic  amongst  the  d-  tungstciioccnc  substrates 
examined  in  exhibiting  two  eicctrochemically  reversible  one  electron  oxidations  at  402  and 
-i43l  mV  vs  SCE  rcspcctir  cly.  It  seemed  prob;  ble  that  the  prrxiucts  ok  these  oxidations  were  the 
17-elcctron  radical  cation  (W(i|‘’-C5H5)2(OCHr)(CHy))+  and  the  formally  16-clettion  dicalion 
(W()p^-C5Hs)2(OCI fO(CH  01^“."^  ‘'*nd  the  isolation  of  either  of  these  complexes  would  be  of 
interest.  H  atom  abstraction  from  the  mclh)  I  group  of  the  momKalion  could  result  m  an 
unprecedented  insertion  of  a  cationic  mothylidene  ligand  into  a  melal-ox\gcn  bond,-''  while  H 
atom  abstraction  from  the  methoxy  group  of  the  monocation  could  give  an  unusual  cationic 
formaldehyde  complex  of  tungstenocenc  The  dication  is  also  of  interest  in  that  no  dicationic 
dcrivati^  c.s  of  tungstcmx'cnc  have  been  previously  isolated,  and  these  considerations  led  us  to 
examine  chemical  oxidation  of  (W(»)^-CsH5)2(OCH3)(CH3)] 

Oxidation  of  [ Wfn^-CsIIsIvfOCH.vXCHj)]  in  Methyl  Ethyl  Ketone  -  Formation  of 
!{W(llS-C5H5)2(CH3)}2(p-0)]|PF6l2.  Initial  oxidation  experiments  inrolvcd  the  reaction  of  I 
with  the  one-clectron  oxidants  ferrrxenium  hcxafluorophosphate  (|Fe(n‘'-C5H  -  FcPFf,) 

and  trityl  hexalluorophosphate  (|Ph3C|PF6)  in  CH2CI2  at  -78°C,  conditions  which  we  have 
previously  found  convenient  for  one-electron  oxidation  of  IW()p''-C5H5)2RR')  cxmiplexcs  to  the 
corresponding  radical  cations.--'’  With  1,  however,  these  conditions  led  to  the  formation  of 
complex  mixtures  of  pnxiucts  (the  nature  of  w  hich  will  be  discussed  later)  and  we  turned  instead 
to  the  u.sc  of  kctonic  solvents,  particularly  methyl  ethyl  ketone  (MEK).  This  is  the  solvent  of 
choice  for  oxidalicm  of  1  because  it  is  sufficiently  polar  to  di.ssolvc  EcPFr,,  but  the  primary 
oxidation  product  of  1  is  insoluble  in  MEK  while  the  oxidation  by  prixlucts  arc  soluble 

Addition  of  one  equivalent  of  FcPFr,  to  an  orange  MEK  solution  of  (WfqX 
C5H3)2(0CH3){CH3)|  at  rrxrm  temperature  resulted  in  an  immediate  reaction,  as  evidenced  by  a 


solution  color  change  to  cherry-red  Within  10  minutes  a  dark  red  purple  flix-culenl  solid  began 
to  piccipilatc  from  the  solution.  After  the  reaction  mixture  had  been  stirred  overnight,  the  air 
stable  solid  was  isolated  by  decantation,  washed  with  a  little  MF-'K,  and  dried  under  \  acuum 
and  *^C  NMR  spectra  of  the  purpi  e  sr)lid  (CD  rCN)  established  the  presence  of  the 
(W(tp-CsHs)2(CHr)l  moiety.  The  material  was  only  soluble  in  the  most  polar  soKcnts  (acetone, 
acetonitrile),  suggesting  an  ionic  formulation,  and  IR  spectra  of  a  Nujol  mull  established  the 
presence  of  the  PFf,'  anion.  No  other  functional  groups  could  be  readily  identified 
spectroscopically,  but  it  did  prove  feasible  to  obtain  dark  red-purple  hexagonal  plates  of  the 
complex  suitable  for  X-ray  diffraction. 

Molecular  Structure  of  |{W(nS-C5H5)2(CIl3)}2(  Fi-0)j  IPF6]2  A  single  crystal  X-ra\ 
diffraction  .study  of  the  prcxluct  of  oxidation  of  1  in  MEK  established  that  the  reaction  had 
pixxluccd  the  dimeric  W(V)  dication  ({W(r)-‘'-C5H5)2(CFF3)};^H-0)J-+  shown  in  Figure  1.  in 
which  two  1W(ii5-C5H5)2{CH3)]-+  fragments  are  linked  in  a  centrosymmctric  fashion  b>  a 
bridging  oxygen  atom  such  that  the  methj!  groups  adopt  an  anti  orientation.  Bond  lengths  and 
angles  within  the  cation  arc  summarized  in  Tables  IV  and  V,  Combustion  anal)  sis  data  for  the 
diffraction  quality  ci)  stals  arc  in  accord  with  the  foirnulatioii  of  the  complex  determined  by  the 
diffraction  study.  The  ligand  geometry  about  the  unique  tungsten  atom  in  the  dimer  is  analogous 
to  that  found  in  other  [Wfq^-C^H 5)3X2)  systcnis,^'^  and  consists  of  a  pscudo-tct-ahcdral 
arrangement  of  two  slight!)  staggered  q^-cyclopcntadicnyl  rings,  the  bridging  ox)gcn  atom,  and 
a  mcth)l  group  around  the  tungsten  atom  If  the  two  ring  centroids,  the  ox)gcn  atom  and  the 
methyl  carbon  atom  arc  taken  to  define  a  distorted  tetrahedron,  the  angles  about  the  tungsten 
atom  display  a  maximum  and  minimum  deviation  from  the  ideal  tetrahedral  value  (109®)  of  21® 
and  2®,  rc.spcctively  (see  Table  V). 

The  tung,stcn-c)c!opcnladicn)l  carbon  bond  distances  arc  not  all  equal  within 
experimental  error:  the  distances  generally  become  longer  as  one  moves  around  the  rings  away 
from  the  methyl  group  Within  Cp(l)  the  difference  between  the  longest  (W  C(15))  and  the 


shortest  (W-C(]3))  distance  is  0  085  (12)  A.  within  Cp(2),  the  difference  between  the  longest 
{\V-C(25))  and  shortest  (W-C(22))  distance  is  0()82  (12)  A,  The  a\ciage  values  for  the  tungsten- 
cyclopcntadicnyl  carlx'in  bond  distances  (2  3  56  (4)  A  for  Cp(I)  and  2  343  (4)  for  C|7(2))  can  be 
compared  with  the  2  26  *  2,35  A  range  observed  ft>r  the  analogt)us  average  distances  in  other 
[W(i)^-CsHs)2J  containing  complexes.-^  The  observed  deviation  in  these  distances  indicates  a 
slight  tilting  of  the  cyclopcntadicnyl  rings  away  from  pcrfcc:t  ly'’  bonding,  which  may  serve  to 
reduce  some  of  the  stcric  strain  intrrxluced  by  the  unsymmetrical  ligand  environment  around  the 
tungsten  atom. 

The  perpendicular  distances  from  the  cyciopentadienyl  mean  ring  planes  to  the  tungsten 
atoms  (2.038  A  for  Cp(l)  and  2.017  A  for  Cp(2)  and  the  angle  between  the  ring  normals  (49.1°) 

•  ic  just  outside  the  1.93  -  2.01  A  and  34  -  49°  ranges,  respectively,  obsen  ed  for  the  analogous 
values  in  other  tungstcniKcne  complexes.-^ 

The  W(l)-0(1)  bond  length  of  1.904  (0)  A  is  shorter  than  the  2.05  -  2.13  A  range 
observed  for  the  mol>bdenuni-oxygen  single  bond  length  in  closelv  related  d-  complexes  of 
molybdcnrKenc^  (the  ionic  radii  of  and  MoU'  )  are  essentially  identical-^)  and  is 
indicative  of  some  partial  double  bond  character  arising  from  ;t-intcraction  between  the  oxygen 
p-orbital  and  the  two  [W(iy‘'-C5H5)2(CH3))+  fragment  HOMO'S  (vide  infra). 

The  bridging  oxygen  atom  0(1)  sits  at  the  crystallographic  center  of  symmetry  at  the 
bridging  oxygen  atom  and  the  W(1)-0(1)-W(1A)  group  is  therefore  exactly  linear.  The  dihedral 
angle  between  the  plane  defined  by  C(l),  W(l),  and  0(1)  and  the  plane  defined  by  C(1A), 
W(1A),  and  0(1)  is  similarly  required  to  be  180°. 

Reduction  of  [{VV(t|*-C5H5)2(CH3)}2(|i-0)|PF6.  Although  2^+  is  not  particularly 
oxy  gen  sensitive  (at  least  in  the  dark  -  see  below),  in  sharp  contrast  with  the  recently  reported 
iscH-dect ionic  niobium  complex  I{Nb(q-^-C.sH5)2(SnMc3}2(|i-0)l,^^  the  complex  reacts  readily 
under  a  wide  range  of  reducing  conditions  including  KOH/IHO/acctonc,  LilBEtyllj,  Na/Hg  and 
K/ben/.ophenone  in  THF.  These  reactions  were  of  con.sidcrabic  interest  given  the  possibility  of 


reducing  2^+  to  the  unknown  d--d2  dimer  "({W(»)-^-C5H5)2{CH  <)}2(M-0)r'.  but  no  tractable 
prrxJucis  could  be  isolated  under  any  of  the  conditions  examined 

Electronic  Structure  of  |{W(tj5.C5H5)2(CII3)}2(m.*0)|^.  The  VV(V)  centers  in  2-^  arc 
formally  d’,  but  the  chemical  shifts  of  the  cyclopcntadicnyl  and  mcthjl  ligands  arc  within  normal 
ranges  for  a  diamagnetic  tungstenocene  complex  and  the  complex  was  determined  to  be 
diamagnetic  in  the  solid  state  at  rrx)m  temperature  by  the  Gouy  method  (X^  — 4  5  x  10-^  in  cgs 
units).  This  obsened  diamagnetism  can  be  rationalized  by  invoking  the  presence  of  three -center 
dekx:aliz.ed  molecular  orbitals  formed  from  the  overlap  of  the  singly  occupied  |W(ip‘'- 
C5Hs)2(CH3)]“+  fragment  HOMO's  with  a  single  p-orbital  of  the  bridging  oxygen  atmn  (Figure 
2). 

Spin  pairing  via  the  Ji -interactions  in  a  linear  oxo  bridge  was  first  invoked  by  Dunilz  and 
Orgel  to  explain  the  diamagnetism  of  the  d-'’-d-‘*  dimer  [ClsRu-O-RuCls]''",^*  and  the  concept  was 
then  used  by  Cotton  and  coworkers  to  explain  the  diamagnetism  and  conformations  of  d'-d' 
dimer  complexes  containing  linear  Mo'^(O)-0-Mo'’'(0)  linkages.^-  These  (Mo'^203l'^^ 
complexes  provide  the  earliest  and  best  know  n  models  in  the  literature  for  the  molecular  and 
electronic  structure  of  a  d  '-d^  oxo  bridged  dimer  like  1-*.  and  Cotton  used  a  simple  Hiickel 
molecular  orbital  treatment  to  show  that,  neglecting  exchange  effects  and  destabilizing  steric 
repulsions,  the  interaction  between  the  two  d-orbitals  and  a  single  oxj  gcn  p-orbital 
(corresponding  to  a  Mo(Ot)(Ob)-Mo(Ot)(Ob)  dihedral  angle  of  0®  or  180®)  is  energetically  more 
favorable  than  two  separate  d-p  interactions  (corresponding  to  a  Mo(0()(0b)-Mo(0t)(0b) 
dihedral  angle  of  90°  and  giving  rise  to  a  triplet  structure).^“  Since  it  is  well  established  that  the 
frontier  orbital  conUiining  the  odd  electron  in  d*  bent  metallocene  complexes  of  the  [M(n^- 
C5H5)2XY}  type  is  a  mixture  of  and  d^^.y^  lt)cated  within  the  MXY  plane  with  its  major 
radial  extent  outside  the  XMY  angle,^-^’^*^  such  a  3-ccnter  n-intcraclion  leads,  as  shown  in  Figure 
2,  to  the  obsened  structure  in  which  the  W  atoms,  the  bridging  O,  and  the  methyl  groups  all  lie 
in  a  plane  with  an  anti  orientation  for  the  methyl  groups.  The  W  frontier  orbitals  and  the  two 


oxygen  p-orbitals  form  a  bonding,  two  non-bonding,  and  an  aniibonding  orbital,  and  lou  spin 
population  of  these  orbitals  leads  to  a  singlet  ground  state  and  a  W-0  bond  order  of  1.5. 
consistent  w  ith  the  short  W-O  bond  length. 

Similar  bonding  descriptions  have  been  advanced  to  account  iVir  the  diamagnetism  of 
several  d^-d'  dimers  of  bent  nioboccnc  derivatives  established  crystal  logra  phi  cal  ly  to  have  linear 
0X0  bridges  between  the  Nb(!V)  centers. These  include  f{Nb(i]-‘’-C5H5)2(n-Bu)}2{p-0)l,^-‘' 
{{Nb(i]-'’-C5H4Me)2Cl}2(p-0)J,-^^’  and  f{Nb(jp-C5H5)2(Sn-Mci}}{p-0)),-^^  and  the  structures  of 
these  complexes  and  of  1^+  provide  an  interesting  contrast  with  the  structures  of  d^-d^  bent 
mctalkx'cnc  dimers  containing  o.xo  bridges.  As  summarized  in  Table  VI  the  d^-d^^  dimers  all 
have  M-O-M'  groups  which  approach  linear  geometries  (rcpiorted  M-O-M  angles  range  from 
165.8  (0)®  to  177.0®)  and  relatively  short  M-O  bonds,  characteristics  which  lx)th  suggest 
significant  Jt-donation  of  the  oxygen  non-bcinding  electrons  into  the  same  (but  now  empty) 
metallocene  frontier  orbital  in  the  MXY  plane.  There  is  now,  however,  a  dihedral  angle  of  54  - 
77®  between  the  MXO  and  the  M'X'O  planes,  in  sharp  contrast  w  ith  the  180®  dihedral  angle  in 
the  d^-d'  cases  and  consistent  with  strong  jt -interactions  between  the  metal  centers  and  both  of 
the  oxygen  non-bonding  electron  pairs  in  orthogonal  p-orbitals. 

The  description  of  the  electronic  structure  of  2^  embodied  in  Figure  2  accounts  well  for 
the  unusual  electronic  spectrum  of  2^  shown  in  Figure  3.  Most  tungstenocene  complexes  are 
d^,  d*  or  d“  systems  with  yellow,  orange  or  red  colors  arising  from  strong  UV  absorptions  with 
tails  in  the  visible  or  relatively  weak,  high  energy  visible  absorptions,  unless  the  complexes 
contain  halide  ligands,  in  which  ease  they  are  much  more  intensely  colored  (often  green) 
probably  as  a  consequence  of  LMCT  absorptions  in  the  visible.  Complex  2^  is,  however, 
unique  in  having  a  spectrum  dominated  by  a  very  strong  visible  absorption  at  525  nm  (e  =  23,600 
L  mole  ’cm'^)  which  gives  solutions  an  intense  red-purple  color.  This  band  is  very  similar  to  the 
strong  absorptions  at  ca  500  nm  which  are  common,**-**  if  not  universal,**^’  characteristic  of  d*-d> 
dimers  containing  (Mo ’'^20.^]*^  cores  with  linear  oxo  bridges,  and  can  be  assigned  to  promotion 
from  the  ag  non-bonding  orbital  in  Figure  2  to  the  bu  anti-bonding  orbital  -  a  small  energy  gap 


would  be  expected  between  these  orbitals,  consistent  with  the  low  energy  of  the  absorption,  and 
the  transition  would  ha\  c  considerable  MLCT  character  w  hich  would  account  for  the  inicnsilx  of 
the  absorption. 

The  >  alidity  of  this  interpretation  of  the  electronic  spectrum  of  is  siipfKirted  b\  the 
observation  that  the  closely  related  d^-d'  dimer  |{Nb(»j'’-C5H5)2(Sn-Mc^}(p-0)J,  in  which  the 
metal  centers  are  similarly  spin  paired  through  the  linear  o\o  bridge,  is  described  as  forming  an 
"intensely  blue  solution",  consistent  with  the  pre.sence  of  similar  intense  absorptions  in  the 
visible. In  sharp  but  not  surprising  contrast  the  closely  related  d^-d^  dimer  of  niobium  (N'bfi]-*’- 
C.sH5)2C1}2(11-0)][BF4]2  is  orange, while  most  of  the  group  4  d®-<J®  dimers  in  Table  VI  are 
colorless. 

Photodisproportionation  of  f{W(Tj5-C5H5)2(CH3}2(fi-0))  IPF5I.  The  bridging  o\o 
dimer  2^+  is  quite  photosensitive,  and  the  purple  color  of  a  solution  of  2(PF(jJ  in  acetonitrile  was 
discharged  and  replaced  with  a  pale  orange  color  after  ca  1 .5  hours  irradiation  with  a  sunlamp.  A 
NMR  spectrum  of  the  solid  obtained  from  such  a  reaction  (acctonc-d^)  contained  singlet 
resonances  of  equal  intensity  in  the  cyclopentadicnyl  region  at  6  6,90  and  5.38,  together  with  two 
new  methji  peaks  at  6  x  and  0.36  with  satellites  indicating  that  they  arc  bonded  to  W  ( I  = 
1/2,  14%  abundance)  and  a  resonance  at  6  2.86  assigned  to  coordinated  acetonitrile.  This 
spectrum  suggested  that  2^+  had  undergone  the  phoUxlisproportionation  reaction  shown  in 
Scheme  II  to  give  the  novel  terminal  0x0  complex  fW(ii5.c,^}-l5)(0)(CH3)l+  (3+)  and  the 
tungslcmiccnc  methyl  complex  "|W(ij-‘'-C5Hs)2(CH3)l '  trapped  bj  the  cixirdinaling  .sohent 
acetonitrile  as  the  18-cIcctron  complex  [W(»]-‘'-C5H5)2(NCCH3)(CH3))+  (4+). 

It  is  well  established  that  many  of  the  d^-d'  0x0  bridged  dimers  containing 
cores  participate  in  facile  thermal  disproportionation  equilibria  which  give  d^  and  d-  monomers 
containing  lMo'^^02j“^  and  lMol'^0)“+  corcs,'^-*’-'^  and  we  have  recently  icportcd  that  at  least 
two  examples  of  such  molecules,  the  dithicx;arbamatc  complex  (Mo203{S2CN(Cl  l2Ph)2}4l  (5) 
and  its  tungsten  analog  6,  exhibit  marked  phoUK'hromism  because  the  disproportionation 


equilibria  can  be  accessed  both  thermally  and  photochcmically  -  irradiation  of  5  and  6  induces 
disproportionation  which  is  then  reversed  thennaily  (Scheme 

The  phoUxlisproportionation  in  Scheme  il  provides  an  intriguing  complement  to  reactions 
such  as  those  shown  in  Scheme  III,  since  the  tungstemKcne  complex  2“*  provides  the  first 
example  in  which  disproptirtionation  of  a  d*-d*  dimer  with  a  linear  oxo  bridge  can  be 
photrK'hcmically  induced  but  is  not  obscr\  ed  thermally  at  rrxvm  temperature.  We  therefore 
attempted  independent  syntheses  of  the  proposed  pholixlisproportionation  pnxlucts  3+  and  4'*'  to 
confirm  their  identit),  and,  following  successful  syntheses  as  described  below  ,  were  able  to 
confirm  the  hypothesis  in  Scheme  II  by  comparison  of  the  NMR  characteristics  of  the  pure 
complexes  w  ith  those  of  the  materials  formed  by  photolysis  of  2’+ 

Synthesis  of  the  Acetonitrile  Methyl  Cation  |\V(qS.CsH5)2(NCCIl3)(CH3)]+  Il  has 
been  known  since  1979  that  metal  mono-methyl  lungslcnocenc  complexes  such  as  the  ben/.oate 
(W(ii5-C5H5)2{0C(0)Ph}(CH3)]  can  be  prepared  by  treatment  of  the  dimcthjl  complex  1W())5- 
C5H5)2(CH3)2l  (7)  with  a  protonic  acid  (benzoic  acid  in  this  case),  in  a  sequence  w  hich 
presumably  invohes  protolylic  removal  of  one  of  the  methyl  groups  as  methane.-^  We  have 
been  able  to  extend  this  approach  to  the  synthesis  of  the  acetonitrile  methyl  cation  (W(q-‘’- 
C5H5)2(NCCH3)(CH3))+  (4+)  by  reading  7  with  {NUaJPFe  in  acetonitrile  (Scheme  1).  The 
ammonium  ion  is  a  strong  enough  acid  to  protonatc  7,  and  in  the  absence  of  a  ccwrdinaling  anion 
like  benzoate  the  16-clcctron  "(W(ij5-C5H5)2(CH3)]+"^^  cation  is  trapped  by  the  crxirdinating 
sohent  as  4*.  This  cation  was  isolated  as  the  hcxafluorophosphatc  sail  4  PF(,  in  70'JI  yield  and 
fully  characterized  by  combustion  analysis  and  spectroscopj  as  described  in  the  Experimental 
Section.  Comparison  of  the  NMR  characteristics  of  4*  w  ith  those  of  a  solution  of  2(PFf>|  in 
CDyCN  following  photolysis  confirmed  that  the  higher  field  c>clopcntadicnyl  and  methyl 
resonances  in  the  photoljscd  solution  had  been  correctly  assigned  to  4*. 


Synthesis  and  Structural  Characterization  of  the  d®  Oxo-Methyl  Cation  |W(t)®- 
CsH5)2(0)(CH3)1+,  The  accU)aitrilc  ligand  in  ihc  complex  4*  is  subslitulionally  labile  both 
thermally  and  pholcx;hcmically,  so  that  4*  is  a  convenient  starting  material  for  a  number  of 
tungstcmx'cnc  methyl  complexes  of  the  (W(i}-^-C5H5)2(CH3)Xj  and  |W(r]‘'-C5H5)2(CH3)LJ* 
types  (X'  and  L  represent  anionic  and  neutral  two  electron  ligands  respectively) This  led  us  t<} 
examine  photolysis  of  4+  under  O2.  and  we  have  obscix  cd  that  this  provides  a  convenient  route 
to  the  d^  0x0  methyl  complex  (W(ij‘’-C5H5)2(0)(CHr)]  + 

Photolj  sis  of  4*  under  Os  w  as  conveniently  carried  out  in  acetone,  and  after  ca  one  hour 
irradiation  with  a  sunlamp  the  orange  color  of  4*  had  been  discharged  from  a  solution  of  4PF(, 
and  replaced  by  a  pale  yellow  color.  Filtration  and  removal  of  the  soh  ent  gave  spectroscopicall) 
pure  yellow  crystalline  flakes,  which  could  be  rccryslalli/cd  as  lemon  yellow  flakes  b)  slow 
concentration  of  a  saturated  acetonc/tolucnc  solution  under  reduced  pressure  Combusion 
analysis  was  consistent  with  a  C|iH|3WOPF(,  stoichiometry,  and  a  ’H  NMR  spectrum  in 
CD3CN  contained  resonances  at  6  6.58  and  6  2.16,  both  with  tungsten  satellites,  which  integrated 
as  10  and  3  protons  respectively,  consistent  with  the  pre.sence  of  a  complex  containing  a  [Wfjj'’- 
C5H5)2(CH3)1  moiety.  The  complex  was  insoluble  in  aromatic  and  ethereal  solvents,  and  the 
presence  of  the  characteristic  IR  absoiptions  of  PF^'  confirmed  that  the  compound  was  a  salt. 

The  sp>ectroscopic  and  analjlica!  data  were  consistent  w  ith  formulation  of  the  oxidation 
prtxluct  as  the  terminal-o.xo  niethjl  complex  [W(n^-C5H5)2(0)(CH3)]PF6  {3PF6),  but  it  was  not 
feasible  on  the  basis  of  the  available  spectroscopic  data  to  rule  out  formulation  of  the  product  as 
a  dimer  with  a  double  0x0  bridge:  |{W{n^-C5Hs)2{CH3)(H'0)}2l-^.  Either  formulation  would 
account  for  the  stoichiometiy'  of  the  complex,  and  there  is  literature  precedent  for  double  0x0 
bridges  between  d®  metal  centers.-'^  This  ambiguity  led  us  to  attempt  to  characterize  the 
complex  cry  stallographically,  but  initial  efforts  were  frustrated  by  the  high  solubility  of  the 
complex  in  polar  solvents,  which  rendered  unsuccessful  attempts  to  grow  diffraction  quality 
cry  .stals  of  the  PFr,  salt  via  layer  diffusion,  vapor  diffusion,  or  low  temperature  recry  stalli/alion 


The  cryslalli/ation  problems  were  cireumvented  by  exchange  of  I'  for  the  PFr,  counterion 
to  gi\c  a  salt  of  3+  \Mth  reduced  solubility  in  polar  non-aqueous  solvents.  The  exchange  uas 
carried  out  by  additiem  of  a  0®C  solution  of  3PF6  in  acetone  to  a  0“C  solution  of  Nal  in  acetone  to 
precipitate  31  as  golden  crxstalline  Hakes  IR  spectra  of  these  Hakes  suggested  that  the  desired 
exchange  reaction  had  probably  occurred,  since  the  absorption  bands  characteristic  of  the  PFr, 
anion  uere  not  ob.scn  cd,  w  hile  the  presence  of  a  relatively  strong  and  sharp  band  at  867  cm  * 
(previously  masked  by  the  840  cm  *  absorption  of  PF^ )  was  consistent  w  ith  the  presence  of  a 
terminal  tungstcn-o.xo  bond  within  the  exchanged  complex*  -  this  is  somewhat  below  the  900- 
1 100  cm  *  range  usually  cited  for  terminal  metal  oxo  groups,-^*  but  is  similar  to  the  value  of  789- 
879  cm  *  previously  reported  for  the  W=0  stretch  in  (W(n-^-C5H 5)2(0)).-^-  *H  and  *^C  NMR 
spectra  of  the  Hakes  confirmed  that  the  tungstcnoccnc  cation  had  remained  intact  during  the 
anion  exchange. 

Bright  yellow  cubes  of  31  suitable  for  a  diffraction  study  were  obtained  via  vapor 
diffusion  of  diethyl  ether  into  a  saturated  acetone  solution,  and  a  single  crystal  X-ray  diffraction 
was  used  to  characterize  one  of  the  cubes  structurally  as  described  in  the  Experimental  Section 
The  displacement  coefficients  for  the  C  and  O  atoms  in  the  structure  arc  somewhat  high,  limiting 
the  precision  of  the  derived  bond  lengths  and  angles,  but  the  diffraction  study  docs 
unambiguously  establish  that  31  does  indeed  contain  the  terminal  0x0  alkyl  complex  [Wfq-*'- 
C5H5)2(0)(CH3)]‘''  as  the  discrete,  monomeric  cation  illustrated  in  Figure  4  and  characterized  by 
the  bond  lengths  and  angles  in  Tables  VII  and  VIH. 

The  niobocene  complex  isoelectronic  with  3''‘,  iNb(q-^-C5H5)2(0)(CH3)],  is  known,-'’-^ 
together  with  the  related  complexes  [Nb(ii-^-C5H5)3Nb(0)X]  (X  =  Cl.  a-C4H3S,  a- 
CH2C5H4N),-‘*^  and  the  penlamethyl  tungstcnoccnc  analog  |W(t)-‘’-C5Me5)(0){CH3)l^-‘’-‘’  but 
[Nb(Tv‘5-C5H4SiMc3)2(0)(CH3)].-‘^’  fMo(tv‘*-C5H4CH3)2(0)),‘^7  ^nd  (Ta(ti5.C5Mc5)2(0)Hl‘«  are 
the  only  other  crystal lographical I y  characterized  terminal-oxo  complex  of  metallocenes 

The  3'*’  cation  contains  a  pscudotetrahcdral  arrangement  of  two  q5.cyclopcntadicnyl 
rings,  a  terminally  bound  oxygen  atom,  and  a  methyl  group  bound  to  a  central  tungsten  atom.  If 


the  luo  ring  centroids,  the  oxj  gcn  atom,  and  the  methyl  carlx^n  atom  are  used  ti)  determine  a 
distorted  tetrahedron,  the  angles  about  W  display  a  maximum  and  minimum  deviation  Irom  the 
tetrahedral  value  (109“)  of  20“  and  2“,  respectively  (sec  Table  VIII). 

The  tungstcn-cyclopentadicnyl  carbon  btmd  distances  arc  not  all  equal  within 
experimental  error:  the  distances  become  progressively  longer  as  one  mo\  cs  around  the  rings 
away  from  the  terminal-oxo  ligand.  The  difference  between  the  longe.st  (W-C(I3))  and  the 
shortest  (W-C(I5))  distance  within  Cp(l)  is  0.186  (26)  A;  the  difference  between  the  U>ngcst  (W- 
C(25))  and  the  shortest  (W-C(24))  distance  w  ithin  Cp(2)  is  0.166  (29)  A.  The  average  values  of 
the  tungsten-cyclopcntadicnyl  carbein  bond  distances  (2.375  (9)  A  for  Cp(l)  and  2.368  (9)  A  for 
Cp(2))  lie  just  outside  the  2.26  -  2.35  A  range  typically  obsen  ed  for  the  analogous  values  in 
other  IWfq—CsH^)]  containing  complexes.-^ 

The  cyclopcnladicnyl  rings  within  the  structure  arc  tilted  slightly  away  from  perfect 
bonding,  as  manifested  in  values  for  the  angles  between  the  ring  normals  and  the  corresponding 
tungsten  ring  centroid  vectors  of  5.3“  for  Cp(l)  and  1.2“  for  Cp(2).  The  origin  and  significance 
of  this  lilt  is,  however,  unclear,  given  the  level  of  precision  of  the  present  crystallographic  study. 
The  perpendicular  distances  from  the  cyclopcntadicnyl  mean  ring  planes  to  the  tungsten  atoms 
(2.067  A  for  Cp(l)  and  2.049  A  for  Cp(2)  and  the  angle  between  the  ring  normals  (52. 6“)  lie 
somewhat  outside  the  1.93  -  2.01  A  and  34  -  49“  ranges,  respectively,  observed  for  the  analogous 
values  in  other  tungstcnoccne  complexes.  27  The  dihedral  angle  between  the  plane  dcTincd  by  the 
two  ring  centroids  and  W  and  the  plane  defined  by  C(l),  W,  and  0(1)  is  88.4“,  a  value  consistent 
with  the  psucdo-lclrahcdral  structure  of  the  cation. 

The  W'^^-CH3  (t  bond  length  of  2.219  (16)  A  is  slightly  shorter,  as  would  be  expected, 
than  the  value  of  2.227  (8)  A  established  above  for  the  W''-CH3  a  bond  in  2^+  and  noticeably 
shorter  than  the  values  of  2.25  (2)  and  2.25  (2)  A  in  the  literature  for  W’^^-C  o  bonds  in 
tungstcnoccne  alkyls  such  as  [W(7]-‘’.c^}^^)2(CH2C6H3Mc2)2]“^^  and  [W(q-‘'- 
CsH5)2(CH2CH2PMc2Ph)-(CH3)J  +  .27f  The  W'^*-CH3  lx>nd  in  3+  is,  hi)wcvcr,  somewhat  longer 


than  -alkyl  tT  b<^nds  in  some  other  ligand  environments  such  as  that  in  |W204{CH2CMc  ^)f,j 
(2.134  (8) 

The  W-O(l)  bond  distance  of  1.7(X)  (1 1)  A  falls  within  the  1  66  -  1,73A  range  obserx  ed 
for  the  M=0  bond  distances  in  d^^  and  d'  complexes  of  Mo  and  W  (the  ionic  radii  t)f  these  two 
metals  arc  csscntiall)  identical  in  both  oxidation  stalcs^^)  The  C(l)-W-0(1)  bond  angle  of  93  8 
(7)°  tails  just  within  the  93  -  98“  range  observed  for  the  XMX  angle  in  d^  bent  mctalUxrcnc 
complexes.-^ 

With  31  fully  charactcri/.cd  structurally  and  spectroscopically  we  were  able  to  confirm  by 
comparison  w  ith  the  'H  NMR  spectra  of  an  isolated  sjimple  that  the  lower  field  cvclopcntadicnjl 
and  mclhvl  resonances  in  the  solution  formed  by  photolysis  of  2’+  in  CH3CN  had  been  correctly 
assigned  to  3+,  and  that  Scheme  II  d(x;s  describe  the  phott)Iysis  reaction. 

Mechanism  of  the  Oxidation  of  (W(tiS.C5Hs)2(NCCH3)(CH3)1+  to  |\V(n5- 
C5H5)2(0)(CH3)J+.  It  was  clear  from  the  reaction  conditions  that  molecular  oxygen  was  the 
source  of  the  0x0  ligand  in  3+,  and  3'*’  could  not  be  formed  from  4+  in  the  absence  of  oxy  gen  or 
air.  We  also  examined  the  reaction  of  4+  with  excess  water  under  nitrogen  in  acetone  -  only 
traces  of  2^*  were  formed  w  hen  this  mixture  was  gently  heated,  and  formation  of  3+  was  not 
ob.ser^■ed. 

Deliberate  irradiation  is  not  essential  for  the  oxidation  of  4*  to  3*,  and  the  reaction 
typically  proceeds  in  good  yield  when  a  solution  of  dPF^  in  acetone  is  stirred  under  air  or  oxygen 
lor  a  day.  The  reaction  is,  however,  less  reprrxlucible  under  these  conditions  (possibly  as  a 
consequence  of  variations  in  laboratory  illumination),  and  use  of  a  sunlamp  is  recommended  to 
allow  a  more  convenient  reaction  time  and  to  ensure  reprrxlucibility.  Irradiation  of  4+  most 
probably  induces  dissiKiation  of  the  acetonitrile  ligand  and  generates  coordinativcly  unsaturated 
"[W(»j-^-C5H5)2(CH3)]  +  ",'^^  which  can  complex  molecular  oxygen  (Scheme  IV).  Details  of 
subsequent  steps  in  the  formation  of  3+  have  not  been  established,  but  the  most  reasonable 
possibility  ,  as  shown  in  the  Scheme,  is  one  in  which  the  O2  adduct  is  an  18-clcctron  peroxide 


complex  8+  and  peroxo  cleavage  is  induced  by  coordination  of  a  second  "|W{i]‘'-C3l!s)2{CHor" 
(9+)  fragment.  Direct  experimental  support  for  this  mechanism  is  lacking,  but  strong 
circum.stantial  support  is  provided  by  the  reptnt  of  the  structural  characteri/ation  of  [Nbfi]''- 
C5Hs)2(M“'02)*^U.  isc>clcctronic  with  8*,  as  an  i|--peroxo  complcx/'^^ 

If  the  role  of  4'*‘  is  solely  that  of  a  source  r)f  9+  we  should  be  able  to  prepare  from  other 
9+  sources.  We  have  confirmed  that  this  is  indeed  the  ease,  most  intriguingly  in  the  present 
system  by  examining  the  photolysis  of  the  bridging  o.xo  complex  in  acetone.  Under  nitrogen 
this  gave  a  complex  mixture  of  tungslen{x:cnc  derivatives,  including  3+,  IWfip'’- 
C5H5)2(C2H4)H]''',  and  at  least  five  other  tungstcmx;cnc  deii\  atives  ( ’H  NMR).  Under  air, 
however,  the  purple  color  of  2^*  was  rapidly  replaced  by  a  pale  jellow  color  and  *H  NMR 
analysis  indicated  essentially  quantitative  comparison  to  consistent  with  photixrhcmical 
disproportionation  of  2-+  to  a  mixture  of  S'*"  and  9+  and  subsequent  oxidation  of  the  9*  to  S'*"  by 
molecular  oxygen. 

Mechanism  of  the  Oxidation  of  fW(Ti5.C5Hs)2(OCH3)(CH3)I  to  |{W(ti5. 
C5H5)2(CH3)}2(^-0)]2+  in  MEK  and  Oxidation  of  (W(ti5.C5Hs)2(OCH3)(CH3)1  under 
Anhydrous  Conditions.  The  origin  of  the  bridging  oxo  group  in  2~*  is  the  most  intriguing  of 
the  mechanistic  questions  fxrsed  by  the  oxidation  of  1  to  2-*,  but  is  one  to  which  we  do  not  ha\  e 
a  definitive  answer.  It  .seems  unlikely  that  adventitious  oxygen  is  the  source,  since  the  reaction 
proceeds  reliably  in  good  jicld  under  anerobic  conditions,  and  this  leaves  the  oxygen  of  the 
methoxy  ligand  in  I  or  a  trace  of  water  in  the  ketonic  solv  ent  as  the  most  probable  sources  of  the 
oxygen  atom.  A  definitive  distinction  between  these  possibilities  would  require  an  oxygen 
labelling  .study  which  we  have  not  carried  out,  but  there  are  several  observations  which  limit  the 
possibilities. 

A  strong  argument  in  favor  of  an  important  role  for  adventitious  water  in  the  f<  miafion  of 
22+  is  pnwided  by  the  observation  that  room  temperature  ferr(x:enium  oxidation  of  1  in  CH2CI2, 
a  .solvent  which  can  be  rendered  essentially  anhvdrous,  dvxjs  not  give  2+  but  instead  leads  to  only 


small  quanlilics  i)f  Jiamagnclic  prixliicts,  as  determined  by  qiianlilativc  'H  NMR  (CD<CN, 
*BuOH  as  internal  standard)  eoi  iespi)nding  to  a  12'X.  j  ield  of  3"*'  and  a  (i7t  yield  of  another 
tiingstcn(X.'cnc  complex  tentatively  identified  as  the  formaldcliNde  complex  ( W(q-‘'-CsH 5)2(11“- 
CH2-0)(CH5)|+(10+). 

The  major  product  of  the  CHyCh  oxidation  is  a  paramagnetic  complex  with  an  EF’R 
signal  with  quartet  hyperfine  structure  (a  =  4.0  G)  indicative  of  the  presence  of  a  methyl  gtx)iip, 
and  an  isotropic  g  value  of  2.f)06  intermediate  between  the  typical  values  ob.ser%cd  for  17- 
elcctron  dihalo-"^^  and  dialkyl--^^  tungstcnsx:cnc  derivatives.  A  number  of  paramagnetic 
tungstenoccne  complexes  of  the  general  t>pe  |W(iv*’-C5H5)2XYl+  have  been  .r^poiled,  but  it  is 
unusual  to  ob.scrvc  resolved  hyix'.rfine  coupling  to  the  X  or  Y  ligands, and  this  distinctive 
hyperfine  "finger  print"  enables  us  to  assign  the  EPR  resonance  unambiguously  to  [W(q^- 
C5H5)2(CH3)C1]+  (1  !■*■),  a  previously  unknown  tungstenocenc  radical  which  we  ha\  c  been  able 
to  prepare  independently  from  7  as  shown  in  Scheme  1. 

The  first  step  in  the  independent  preparation  of  ll'*’  involves  a  variation  on  ifie 
conversion  of  7  to  4+  by  ammonium  ion  protolysis  in  which  the  use  of  NH4CI  leads  to  the 
formation  of  [W(n-‘'-C5H5)2(CH3)Cl]  (12),  following  coordination  of  the  chloride  counterion  to 
intermediate  "{W(q-‘'-C5H5)2(CH3)]  +  ".  The  methyl  chloride  complex  12  was  characterized 
spectroscopically  and  analylicaily  as  described  in  the  Experimental  Section  and  was  conveniently 
oxidized  with  ferrocenium  to  the  radical  cation  ll'*’  in  excellent  yield.  The  paramagnetism  of 
11+  limited  the  spectroscopic  tcxils  available  for  its  characterization,  but  in  addition  to 
combustion  analjsis  and  EPR  data  our  formulation  of  IlPFr,  as  (W(q-''-C5H5)2(CH3)C}JPF6  is 
strongly  supported  by  reduction  of  the  salt  back  to  12  in  507c.  yield  using  the  KOH/acetonc 
mixture  which  we  have  previously  found  to  be  a  convenient  reductant  in  the  tungsten<x:cne 
sjstcm.-^ 

The  tentative  characterization  of  10+  as  a  formaldehyde  complex  is  supported  by  the 
observation  of  similar  signals  in  NMR  spectra  of  material  prepared  by  reaction  of  4+  (as  a 


convenient  source  of  9''')  w  ith  paraU>rma!dchydc,  but  we  bas  e  been  unable  !o  date  to  obtain  pure 
samples  of  lOPFf,  from  this  or  other  preparative  approaches 

The  failure  to  form  2^'*'  when  1  is  oxidi/cd  in  CHyCh  would  be  a  conv  incing  argurncnl 
against  the  possibility  that  the  bridging  o\o  group  in  2-+  can  originate  from  the  methoxy  ligand 
except  for  the  curious  observation  that  a  significant  yield  of  2-*  was  tvbtaincd  (53^;^  by 
quantitative  Ud  NMR  together  which  \0%  i*)  when  the  fernKCnium  oxidation  of  1  in  CMyCh 
was  carried  out  at  -78°C  The  course  of  this  reaction  was,  however,  visually  complex  -  the 
matciial  obtained  after  -78°C  oxidation  and  solvent  removal  at  was  brown  and  did  not 

acquire  the  characteristic  purple  of  2*  until  it  had  been  dried  under  v  acuum. 

It  is  clear  that  the  available  information  dtKis  not  alUiw  us  to  establish  definitely  the 
mechanisms  by  which  2-*  and  ll*  are  formed  from  1  in  N-IFK  and  CHyCh  rcs]x;ctivcly,  anu  that 
the  reaction  sequences  must  involve  a  number  of  steps  bevond  those  established  to  date.  In  the 
case  of  the  MEK  oxidation,  for  example,  it  seems  probable  (Scheme  V)  that  initial  oxidation  of  I 
is  followed  by  loss  of  a  methoxy  radical  and  formation  of  an  intermediate  aquo  complex,  but 
conversion  of  this  to  2-*  must  be  more  complex  than  a  simple  condensation.  One  possibility  is 
that  hydrogen  atom  loss  for  the  aquo  complex  generates  a  17  electron  hy  droxy  complex  which 
forms  2-*  by  condensation,  and  the  proposal  of  an  intermediate  hydroxy  complex  is  supported  by 
the  analogy  between  the  condensation  step  in  Scheme  V  and  that  monitored  by  Doppert  when  he 
established  that  [{Ti(q5.C5H5)2(0H3)}2(n-0)J“+  is  formed  by  condensation  of  ITifq^- 

C3H5)2(0H2)0H]+.6E62 

Fvirmation  of  1 1+  by  oxidation  of  I  in  CHsCh  must  be  similarly  complex  -  it  is 
reasonable,  particularly  in  light  of  the  recent  establishment  of  a  number  of  classes  ol  hakx'arbon 
complcxes,^’3  j,  CHyCh  complex  such  as  {W(q5-C5H5)2(Cl2CH2)]'^  is  an  intermediate  in  the 
reaction  (Scheme  VI),  but  subsequent  conversion  to  11+  must  involve  at  least  one  further 
homolysis. 

The  sequences  in  Schemes  V  and  VI  involve  several  radical  intermediates  and  must  be 
regarded  as  speculative,  but  it  is  difficult  to  envisage  simpler  alternatives  unless  a  methoxidc  ion 
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dissiK'iatcs  from  the  inilially  rormctJ  (W(ij-‘’-C5H5)2(OCH3)(CliO)+  to  give  an  exceptionally 
electrophilic  and  completely  unprecedented  15-elcctrt'm  dicationic  VV(V)  complex  "|W(i|‘’- 
C5H5)2(CH3)1^-".  \Vc  conclude  that  the  reaction  scepicnccs  are  complex,  and  that  2-'*'  and  ll"*^ 
max  be  formed  from  1  b>  more  than  one  patinxax 
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Figure  I.  Molecular  slruoturc  of  ({W(»j''-C5{l5)2{CI{^)}2{n-0))-+  (50'^  probabilit\  ellipsoids) 


Figure  2.  F'rontier  orbitals  of  |{W(n‘’-C5H5)2(CM;j)}2fn-0)]-‘^ 


Figure  3.  Electronic  spectrum  of  12  x  lO  -*  mole  L  •  solution  ol'  |{W(»i-^-C5Hs)2(C'Hii)}2(ti-0)) 
(PFol  in  CH3CN. 


Figure  4.  Molecular  structure,  of  the  [W(n-"'-C5H5)2(0)(C}l3)J'*^  cation  in  31  (50^;?  probability 
ellipsoids). 
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Table  1.  Summary  of  Crystallographic  data  for  l{W{i^*-C5H5)2<CH3)}2{H-0)]  IPF/ij2 
(21PF6i2)  and  i  W(ti5-C5H5)2(0)(CH3)1I  (31), 


Crystal  Data 


2|PF6l2 

31 

color 

dark  red-purple 

bright  yellow 

shape 

hexagonal  plates 

cubes 

dimension.s  (mm) 

0.10  X  0.20  ,\  0  50 

0  30  X  0  30  X  0  30 

formula 

C22H26F12OP2W2 

CiiHi.^lOW 

ciy  stal  system 

monoclinic 

cubic 

space  group 

P2i/c 

I:i3 

a  (A) 

7246(3) 

24.601(4) 

b(A) 

18.796(6) 

24.601(4) 

c(A) 

9.438(4) 

24  601(4) 

(3  (deg) 

89.98(2) 

90 

V  (A3) 

1285(3) 

14889(4) 

Z 

2 

48 

dc  (g/mL) 

2.49 

2.53 

p  (cnr*) 

93.6 

119.4 

T(“C) 

23 

23 

Data  Collection 


>.(A) 

0.71073 

0.71073 

scan  t\  pe 

20;  0 

20: 0 

max.  20  (deg) 

60 

min.  20  (deg) 

3  5 

3.5 

scan  speed  (deg/min) 

variable,  3-15 

variable,  3-15 

data  collected 

±h,  +k.  +/ 

+  h.-rk,+/ 

unique  data 

1661  (2159  read) 

2216(8310  read) 

unique  data  observed 

1663  with  F^^3a(Fo) 

1768  with 

Fo>2  5o(Fo) 

std  reflns 

3/63 

3/63 

Rh 

3  13 

6.52 

wRl-  (%)^ 

3.09 

6  03 

max  residue  peak  (cA  "^) 

0.44 

0.53 

weighting  factor,  g 

0.0008 

0.0008 

‘*Rf  —  2  I  Fobsd  ■  Fcalcd  IFobsd  I 

=  I  I  (\V)>'2  (Fobsd  -  Fcalcd)  I/I  !(«)'  -  Fobsd  I 
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Table  II.  Fractional  Atomic  Coordinates  (x  10^)  for  [{W{t|S-C5H5)2(CH3))2(n-0)l  IPFg]? 


Atom 

X/A 

Y/B 

Z/C 

\V(1) 

4707.0  (4) 

4245.7  (1) 

1327  1  (3) 

C(1) 

1703  (11) 

4451  (5) 

1043  (10) 

0(1) 

5000(0) 

5000(0) 

(KKX) (0) 

C{11) 

4358(17) 

2988  (4) 

1443  (14) 

C(12) 

6213  (14) 

3140  (5) 

1272 (15) 

C(13) 

6519(14) 

3479  (6) 

12 (12) 

C(14) 

4762  (14) 

3507  (4) 

-675  (8) 

C(15) 

3495(13) 

3208  (5) 

184(10) 

C(21) 

6698(13) 

4315(6) 

3262 (8) 

C(22) 

6287  (16) 

5001  (6) 

2841  (7) 

C(23) 

4406(11) 

51 1 1  (5) 

3070 (7) 

C(24) 

3673  (11) 

4513  (5) 

3621  (9) 

C(25) 

5171  (14) 

3966  (5) 

3781 (8) 

P(l) 

-16(2) 

1593  (1) 

1241  (2) 

F(l) 

-2198(6) 

1619(3) 

1331  (10) 

F(2) 

2166(6) 

1557(3) 

1166(9) 

F(3) 

-143  (8) 

796  (3) 

723  (6) 

F(4) 

107(7) 

2384  (3) 

1767  (6) 

F(5) 

75(11) 

1323  (4) 

2804  (5) 

F(6) 

-118(13) 

1858  (4) 

-315(5) 

Table  III.  Fractional  Atomic  Coordinates  (x  lO"*)  for  |  W(i]*-C5H5)2(0)(CH3)li 


Atom 

X/A 

V/B 

ZJC 

W 

1553.0  (3) 

61366  (2) 

1311  7(3) 

1(1) 

2500  (0) 

2500  (0) 

2500  (0) 

1(2) 

2500  (0) 

4810(1) 

0(0) 

1(3) 

1187  (1) 

1187  (1) 

1187  (1) 

0(1) 

1089  (5) 

6509  (5) 

1664  (5) 

C{1) 

928  (7) 

5622  (7) 

914(9) 

C(1I) 

1573  (10) 

5607  (11) 

2124  (1 1) 

C(12) 

1607  (12) 

5262  (9) 

1734(13) 

C(13) 

2056  (13) 

5282  (10) 

1463  (9) 

C(14) 

2361  (8) 

5749(16) 

1645(14) 

C(15) 

2016  (1 1) 

5921  (9) 

2085  (9) 

C(21) 

1752  (13) 

6225(11) 

359(10) 

C(22) 

1415  (9) 

6743  (13) 

568(10) 

C(23) 

1818(10) 

6977  (8) 

908  (9) 

C(24) 

2213  (9) 

6674  (8) 

977(13) 

C(25) 

2237  (11) 

6246  (9) 

614(9) 

Table  IV.  Bond  Lengths  (A)  nithin  ({VV(t^*-C5ll5)2(Cll3))2(ti*0))-+ 


W(l)-C(l) 

2  227  (8) 

C(n)-C(12) 

1  383  (14) 

W(l)-0(l) 

1 .904  (0) 

C(12)-C(13) 

1  367(15) 

W(1)-C{11) 

2.379  (8) 

C(13)-C(14) 

1,430(13) 

W(l)-C(12) 

2  349  (9) 

C(14)-C(15) 

1  348(11) 

W(l)-C(13) 

2.311  (9) 

C(15)-C(ll) 

1  404(14) 

\V(1)-C(14) 

2.345  (7) 

C(21)-C(22) 

1  382 (14) 

W(l)-C(15) 

2.396  (8) 

C(22)-C(23) 

1  395(12) 

W(l)-C(21) 

2.331  (8) 

C(23)-C-(24) 

1  347(12) 

\V(I)-C(22) 

2.317(9) 

C(24)-C(25) 

1  503  (13) 

W(l)-C(23) 

2  323  (8) 

C(25)-C(n) 

1  376(13) 

\V(I)-C(24) 

2.345  (8) 

W(l)-C(25) 

2  399  (7) 

Table  V.  Bond  Angles  (deg)  within  ({W(tj®-C5H5)2(CH3))2(ji'0)l2+. 


C(ll)-C(12)-C(13) 

111  (1) 

C(21)-C(22)-C(23) 

108(1) 

C(I2)-C(13)-C(14) 

106(1) 

C(22)-C(23)-C(24) 

109(1) 

C(13)-C(14)-C(15) 

109(1) 

C(23)-C(24)-C(25) 

109(1) 

C(14)-C(15)-C(ll) 

109(1) 

C(24)-C(25)-C(21) 

103  (1) 

C(15)-C(ll)-C(12) 

106(1) 

C(25)-C(21)-C(22) 

112(1) 

C(l)-W(l)-0(1) 

84.3  (3) 

W(1)-0(1)-W(1A) 

180(0) 

Cp(l)a-W(l)-Cp(2)b 

129  5 

Cp(I)-W(l)-C(l) 

103  5 

Cp(l)-W(l)-0(1) 

113.0 

Cp(2)-W(l)-C(l) 

104  3 

Cp(2)-W(l)-0(1) 

111.0 

^p{I)  is  the  centroid  of  the  cyclopcnladicnyl  ligand  containing  C(i  1)-C(15) 
*^Cp(2)  is  the  centroid  of  the  cyclopcntadicnyl  ligand  containing  C(2I)-C(25). 


Table  VI.  Selected  Molecular  Parameters  for  Bridging-Oxo  Metallocene  Complexes  of  the  T^'pe 
l{M(ti5.C5H5)2X}2(p-0)in+  (n  =  0,  2). 
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Table  VII.  Bond  Lengths  (A)  within  [(ti5.C5Hs)2W(0)(CI!3)l+ 


W-C(l) 

2219(16) 

C(1 1)-C(12) 

1  285  (31) 

W-O(l) 

1.700(11) 

C(!2)-C(13) 

1  289  (31) 

W-C(ll) 

2  386  (23) 

C(13)-C(14) 

1  442  (37) 

W-C(12) 

2  392  (20) 

C(I4)-C(15) 

1  437  (34) 

W-C(I3) 

2,467(19) 

C(15)-C(ll) 

1  338  (30) 

W-C(14) 

2.352  (21) 

a21)-C(22) 

1  605  (34) 

W-C(15) 

2.280  (18) 

C(22)-C(23) 

1.419(30) 

W-C(21) 

2,403  (20) 

C(23)-C(24) 

1  235  (26) 

W-C(22) 

2  385(19) 

C(24)-C(25) 

1  382  (29) 

W-C(23) 

2  384(19) 

C(25)-C(21) 

1  347  (29) 

W-C(24) 

2.250  (21) 

W-C(25) 

2.418  (20) 

Table  VIII.  Bond  Angles  (deg)  within  (W(t|®-C5Hs)2(0)(CH3)J'*’ 


C(ll)-C(12)-C(13) 

115(3) 

C(21)-C(22)-C(23) 

99(2) 

C(12)-C(13)-C(14) 

108(2) 

C(22)-C(23)-C(24) 

113(2) 

C(13)-C(14)-C(15) 

99(2) 

C(23)-C(24)-C(25) 

114(3) 

C(14)-C(!5)-C(ll) 

111 (2) 

C(24)-C(25)-C(21) 

107 (3) 

C(15)-C(ll)-C(12) 

106(3) 

C(25)-C(21)-C(22) 

106(2) 

C(l)-W-0(1) 

93,8  (7) 

Cp(l)a-W-Cp(2)b 

128.6 

Cp(l)-W-C(l) 

100.2 

Cp(l)-W-0(l) 

lll.O 

Cp(2)-W-C(l) 

104  2 

Cp(2)-W-0(1) 

111.7 

^p{l)  is  the  centroid  of  the  cjclopentudienyl  ligand  containing  C(1 1  )-C(15) 
^Cp(2)  is  the  centroid  of  the  cjclopcntadicnyl  ligand  containing  C(21)-C(25) 
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